Abstract. The Birkeland currents, J , electrically couple the high latitude ionosphere with the near Earth space environment. Approximating the spatial distribution of the Birkeland currents may be achieved using the divergence of the ionospheric electric field, E ⊥ , assuming zero conductance gradients such that J ≈ p ∇·E ⊥ . In this paper, electric field data derived from the Super Dual Auroral Radar Network (SuperDARN) are used to calculate p ∇·E ⊥ , which is compared with the Birkeland current distribution derived globally from the constellation of Iridium satellites poleward of 60 • magnetic latitude. We find that the assumption of zero conductance gradients is often a poor approximation. On the dayside, in regions where the SuperDARN electric field is constrained by radar returns, the agreement in the locations of regions of upward and downward current between p ∇·E ⊥ and J obtained from Iridium data is reasonable with differences of less than 3 • in the latitudinal location of major current features. It is also shown that away from noon, currents arising from conductance gradients can be larger than the p ∇·E ⊥ component. By combining the p ∇·E ⊥ estimate in regions of radar coverage with in-situ estimates of conductance gradients from DMSP satellite particle data, the agreement with the Iridium derived J is considerably improved. However, using an empirical model of ionospheric conductance did not account for the conductance gradient current terms. In regions where radar data are sparse or nonexistent and therefore constrained by the statistical potential model the p ∇·E ⊥ approximation does not agree with J calculated from Iridium data.
Introduction
Electromagnetic power of the order of tens of Giga Watts is continually deposited into the Earth's ionosphere, heating
Correspondence to: D. L. Green (david.lindsay.green@gmail.com) the polar atmosphere, driving neutral winds, and creating a large system of circulating plasma (Richmond and Thayer, 2000) . This transfer of energy is largely driven by the interaction of the interplanetary medium with the magnetic field of the Earth causing field aligned currents to flow between the magnetosphere and ionosphere which close in the auroral ionosphere (Kelley, 1989) . The Birkeland currents convey stress between the solar wind and magnetosphere to the ionosphere (Cowley, 2000) . Satellite observations (e.g., Zmuda et al., 1966 ) confirmed Birkeland's ideas of high altitude field-aligned currents (Birkeland, 1908) and due to their importance in electrically coupling near Earth space with the ionosphere, the determination of the large-scale structure of the Birkeland currents is central to understanding the energetics and dynamics of the magnetosphere-ionosphere system.
The morphology of the large-scale Birkeland currents has been inferred using ground magnetometer data (Kamide et al., 1981; Richmond and Kamide, 1988) , ionosphere plasma convection , and in situ satellite measurements (Iijima and Potemra, 1976; Zanetti et al., 1983; Weimer, 2000; Eriksson et al., 2002) . The development and expansion of the Super Dual Auroral Radar Network (SuperDARN) has provided a tool capable of monitoring large-scale ionospheric plasma convection (Greenwald et al., 1985) . SuperDARN employs over-the-horizon radar technology to probe the high latitude ionosphere by detecting backscatter of the HF signal modified by plasma density irregularities. In common mode, the radars scan through 16 successive azimuthal directions or beams spaced by 3.3 • with an integration time of 7 s per beam (Ruohoniemi and Baker, 1998) . Assuming zero (or small) horizontal gradients in the height-integrated ionospheric conductivity (hereafter referred to as conductance), SuperDARN measurements potentially provide high time resolution (2 min) spatial maps of the Birkeland currents Kustov et al., 2000; McWilliams et al., 2001) . In the present paper we extend these studies using the maps of plasma convection provided as a SuperDARN data product to determine the extent Published by Copernicus GmbH on behalf of the European Geosciences Union. 942 D. L. Green et al.: Large-scale Birkeland currents to which these convection patterns combined with conductance estimates yield the Birkeland currents recorded by low altitude satellite magnetometers.
Despite the different ways the Birkeland currents may be observed, mapping the global distribution with both high spatial and temporal resolution without significant reliance on empirical models has only recently become possible. In the past, single satellite studies applied statistical averaging of multiple orbits resulting in time averaged, global pictures of the Birkeland current distribution (Iijima et al., 1984; Stauning, 2002) . Multi-satellite systems such as the Cluster spacecraft allow calculation of the instantaneous, spatial distribution but only within a limited field of view (Amm, 2002; Dunlop et al., 2002) . Application of the Assimilative Mapping of Ionospheric Electrodynamics (AMIE) method (Richmond and Kamide, 1988) allows for ∼2 min time resolution estimates of the global Birkeland current pattern by constraining statistical models of ionospheric parameters. However, the reliance on ionospheric conductance estimates in AMIE motivates the search for independent estimates of ionospheric parameters.
The conductance of the ionosphere is a pivotal parameter in the Birkeland current circuit. The large scale size of this system in the field aligned direction allows the altitude variation of conductance to be replaced by height integrated Pedersen ( P ) and Hall ( H ) conductances. As a first approximation, the horizontal variation in conductance can also be ignored and there have been a number of studies to determine the validity of assuming uniform ionospheric conductance. The Birkeland currents derived from radar data, assuming no horizontal conductance gradients, were compared with images of the aurora obtained by the visible imaging system (VIS) Earth Camera and the Far Ultraviolet Imager (UVI) on the Polar spacecraft by McWilliams et al. (2001) . For their event, the upward Birkeland current regions were co-located with bright aurora. Kosch et al. (2001) combined radar data, ground based magnetometer observations and used a fixed conductance ratio, H / P =1.1, to estimate the ionospheric conductance distribution over the radar fields of view. Their results for nightside regions (23:00-24:00 MLT) demonstrated that conductance gradients cannot be ignored, even for quiet geomagnetic conditions. The contribution to field-aligned currents from conductance gradients in the morning sector was examined by Sato et al. (1995) . They used a combination of the KRM (Kamide et al., 1981) and AMIE (Richmond and Kamide, 1988) techniques. Defence Meteorological Satellite Program (DMSP) data and electron densities derived from EISCAT data were used to show that the relative magnitude of the field-aligned current component associated with conductance gradients compared with the total field-aligned currents varies with latitude and that these currents may even flow in opposite directions. Additionally, a mesoscale morning sector study of ionospheric electrodynamics by Amm et al. (2005) combined ionospheric conductance data derived from UVI and PIXIE instruments on the Polar satellite with ground-based electromagnetic data from the MIRACLE network. They found that the overwhelming part of the field-aligned currents are those associated with gradients in ionospheric conductance.
Electric field estimates over all local times from 60 • to the pole have become a standard SuperDARN data product. If one also knew the ionospheric conductances one could evaluate the energetics of the magnetosphere-ionosphere interaction. The accuracy of the convection and conductances are difficult to assess so it is hard to judge the reliability of such calculations. However, the J distribution could also be obtained from the convection and conductances and comparing the J inferred from convection against Birkeland currents obtained by in-situ observations on a global scale provides a comprehensive test of the accuracy and reliability of the convection-conductance approach. In this paper we report the first such direct comparisons of independently derived Birkeland current distributions. The magnetic field measurements from the Iridium satellite constellation (Anderson et al., 2000) provide estimates of the Birkeland currents (Waters et al., 2001) . While the minimum integration time required by Iridium (>45 min) is larger than that of the radar data (∼2 min), here we compare the results from the two techniques for intervals when the spatial distribution of the currents is relatively constant for ∼1 h. These data provide an independent check on the accuracy of the SuperDARN derived Birkeland current estimates. In order to achieve this, the method for estimating the Birkeland currents from Iridium data, as described by Waters et al. (2001) requires some modifications and these are described in Sect. 3. Comparisons between the Birkeland current distribution as derived from SuperDARN and Iridium data are presented in Sect. 4. Finally, the results are discussed in Sect. 5 where we focus on the difficulties in determining ionospheric conductance and how this affects estimates of the global Birkeland current patterns.
Birkeland Currents from SuperDARN
SuperDARN provides estimates of plasma convection velocity, v=E×B/B 2 , in the F-region ionosphere with respect to the geomagnetic field (B), allowing the ionospheric electric field to be determined (Greenwald et al., 1995; Ruohoniemi and Baker, 1998) in the Earth's reference frame. The received radar backscatter depends on geomagnetic conditions and typically covers 10-60% of the probed region (Greenwald et al., 1995) allowing a global picture of the 2D ionospheric electric field, E ⊥ , to be inferred (Shepherd and Ruohoniemi, 2000) . Since the global ionospheric plasma convection and Birkeland current patterns orientate with magnetospheric processes while the Earth rotates beneath, all calculations in this paper assume an Earth centered, non-rotating frame of reference. The electric field values derived from SuperDARN were transformed into this Earth centered, nonrotating reference frame.
On time scales greater than seconds, the total ionospheric current, J , is solenoidal, i.e. ∇·J =0 (Kelley, 1989; Richmond and Thayer, 2000) . Assuming radial field lines, the total current consists of field aligned Birkeland currents (r·J =J ) and ionospheric surface currents (J ⊥ ) that can be assumed to flow horizontally in a thin spherical shell that approximates the ionosphere (Backus, 1986; Cowley, 2000) . The radial current density is related to the surface currents by
J ⊥ consists of Hall and Pedersen components such that
where H and P are the height-integrated Hall and Pedersen conductivities respectively andB is the unit vector in the direction of the geomagnetic field. Combining Eqs. (1) and (2) gives (Untiedt and Baumjohann, 1993 )
Equation (3) shows that J consists of two current sources. The first are those associated with a divergence in the ionospheric electric field, J ·E , and are represented by the P ∇·E ⊥ term. The other terms describe currents due to gradients in ionospheric conductance, J . The divergence of the electric field can be regarded as the div-E current per unit Pedersen conductance. Taking only the first term from the right hand side of Eq. (3) and denoting the div-E current as J ·E , one has
This is equivalent to the analysis of Sofko et al. (1995) where J ·E was developed in terms of the plasma velocity observed by SuperDARN such that
The div-E currents, J ·E , may be estimated from SuperDARN observations while the total Birkeland current, J , consisting of both sources can be determined from Iridium data.
Calculation of Birkeland currents from Iridium

Modelling of J
Engineering magnetometer data from the Iridium satellite constellation have been processed as described by Anderson et al. (2000) giving the cross-track component of the Birkeland current induced, full vector magnetic perturbation, b.
The magnetic field measurements from over 70, polar orbiting (780 km altitude) satellites provide maps of the Birkeland currents with a latitudinal resolution of ∼3 • for a data accumulation interval of 1 h. The in-situ nature of the Iridium observations provides the only means for calculating 2-D global Birkeland current maps on these times scales without relying on empirical models or assumptions concerning ionospheric conductance. The satellite b observations are mapped to an ionospheric altitude (110 km) by applying a correction factor (r/R iono ) 3/2 , where r is the satellite geocentric distance and R iono is the ionosphere radius.
Methods for determining the large-scale Birkeland currents from satellite b data without assumptions about the current geometry have been presented by Olsen (1997) , Weimer (2000) and Waters et al. (2001) . Olsen (1997) used properties of the Laplacian evaluated over spherical surfaces to calculate the field-aligned currents over the entire sphere from time averaged Magsat data. Extensions to the method presented by Waters et al. (2001) that allow eigenvalues of the Laplacian to be used in calculating Birkeland currents from Iridium b data confined to a spherical cap have been developed and are described here. At Iridium orbit altitudes, the magnetic field is not curl free due to the presence of Birkeland currents. The appropriate representation of b was reviewed by Backus (1986) and involves the decomposition of vector fields on spherical surfaces into poloidal and toroidal components. The radial currents
produce toroidal magnetic perturbations,
where p and Q are the poloidal current and toroidal magnetic scalar functions respectively. As discussed by Waters et al. (2001) , shifting to a spherical coordinate system centered on the intersection point of the Iridium satellite paths (Iridium system) allows the available cross-track component of b to be approximated as azimuthal (east), i.e.,φ· b. While the spherical harmonic fitting computations were performed in the Iridium system, the data are presented in geomagnetic coordinates. Expanding the azimuthal component as a linear combination of spherical harmonics, Y m l (θ, φ), with coefficients a m l allows calculation of Q according tô
and
Backus (1986) showed that an expression for the radial currents in terms of the a m l coefficients may be obtained by (7) with Ampere's law to give
Using the identity for spherical harmonics,
the radial currents are (Backus, 1986) 
The south (θ ) component of b may be reconstructed usinĝ
Eqation (13) is not required for the calculation of J since the a m l coefficient set completely defines Q. The inverse problem of calculating a m l from the measurements,φ· b, is achieved using a least squares formulation and a singular value decomposition algorithm as discussed in Waters et al. (2001) . Modifications to the process of obtaining the global configuration of the currents take advantage of Eq. (12) and are described in the next section.
Numerical evaluation of J
Since Birkeland current closure occurs within the high latitude polar regions our analysis of magnetic perturbation data is restricted to a spherical cap whose equatorward boundary is a function of geomagnetic activity. Spherical Cap Harmonic Analysis (SCHA) described by Haines (1985 Haines ( , 1988 ) is used as the basis of the numerical approach. Haines showed that to model a vector field over a spherical cap the scalar potential function (Q in this case) should only be constructed from spherical harmonic functions that satisfy one of two boundary conditions at the cap edge (θ c ). These two boundary conditions are
Using both sets of basis functions allows the scalar potential to have zero and non-zero values at the pole and cap boundary, respectively. The complication with this approach is that the spherical harmonics that satisfy these boundary conditions are usually of non-integral degree (n) but integral order (m). Since the values of n that satisfy Eq. (14) depend on m, Haines (1985) denoted the degree by n k (m), where k is an integer that can be used much like l in the full sphere spherical harmonics for defining the latitudinal resolution of the functions. Numerical calculation of the non-integral functions becomes increasingly difficult as k increases due to limitations in computational precision (Haines, 1988) . The algorithm provided by Haines for the calculation of non-integral Legendre functions requires special extended precision hardware or a reduction in accuracy when computing k>12 Legendre functions. Using a capsize of θ c =50 • (colatitude) and a k value of 12 yields a latitudinal resolution of 8.4
• while a k value of 30 corresponds to a latitudinal resolution of 3.1 • .
In order to calculate the associated Legendre functions with the required latitudinal resolution on a standard personal computer (53 bit mantissa) a new algorithm for calculating non-integral spherical harmonics was implemented, employing the multi precision hypergeometric function from the Cephes Mathematical Library (Moshier, 1995) . Extending the work of Hobson (1955) , analytic expressions for the non-integral associated Legendre functions and their latitudinal derivatives were derived and are given in Appendix A. This new algorithm avoids computer accuracy limitations by controlling the precision of the calculations at the software level which allows very high order, non-integral, Associated Legendre functions to be generated.
Using the two sets of functions that satisfy Eq. (14) in the construction of Q allows the along track component of b, that is, the north-south component in the Iridium system, to have any magnitude at the cap boundary that satisfies ∇· b=0. However, since only cross-track data are used in the fitting process the reconstructed b may exhibit unphysical features in the south component and still be divergenceless. To avoid this problem the SCHA was modified according to the suggestion of Haines (1988) . The construction of the scalar potential, Q, was limited to one set of spherical harmonic functions. Using only the set of functions that satisfy Eq. (14a) additionally constrains the south component of the reconstructed b to be zero at the cap boundary while still allowing arbitrary non-zero azimuthal values. This approach may contaminate the global reconstructed field or potential only if non-zeroθ · b values close to the cap boundary are included in the fitting process. Such a case is possible when the full-vector DMSP and Oersted data are included. By examining a worst case SCHA fit where a spherical harmonic satisfying Eq. (14b) is constructed using only functions that satisfy Eq. (14a), the authors have found that possible contamination due to an unrealistic boundary condition is confined to within one wavelength of the maximum n k (m) used in the fit from the cap boundary. For K=15 and a cap boundary at 50 • colatitude this is ∼7.4 • . Therefore, when fitting the Iridium data the cap boundary is set at a latitude equatorward of the currents determined by examination of the cross-track b magnitudes. This approach has added advantages that all basis functions are orthogonal and only half the number of coefficients need be calculated (Haines, 1988) . Since a latitudinal resolution similar to that obtained using both sets of functions is achieved when using only one set, the k value only needs to be half that required when using both sets. Hereafter all k values are associated with a single set of basis functions.
An alternative and simpler method is to stretch the b data coordinates to cover a hemisphere and use what de Santis (1992) has named Adjusted Spherical Harmonic Analysis (ASHA). This involves scaling the data and then using the integral spherical harmonic functions to determine a m l followed by a rescaling of the reconstructed field. This method is used to obtain the global convection maps from the SuperDARN data (Ruohoniemi and Baker, 1998) . While this approach gives the correct reconstructed vector field, such as b, stretching the data in this way distorts the basis functions so that they are no longer eigenfunctions of the Laplacian (see Eq. 10). Therefore, without determining the scaling functions required to relate SCHA to ASHA coefficients, ASHA cannot be used to calculate the currents fromφ· b data alone. One must obtain the full vector b and then numerically apply Ampere's law to obtain the currents. To avoid this unnecessary numerical differentiation and to ensure that all of the useful information is fully represented in the harmonic coefficients, we adopted the approach of Haines (1988) and the algorithms we have developed take advantage of the eigenfunction/eigenvalue properties of the spherical harmonics over a spherical cap, enabling analytical representation of both b and J with high latitudinal resolution on a standard personal computer.
Results
At present, the availability of data from Iridium is around 1 sample per 200 s for each satellite. This limits the spatial and temporal resolution of the Birkeland currents calculated from these data. In previous work, results of the fitting process were validated against full vector magnetometer data from DMSP or Oersted spacecraft (Waters et al., 2004 , H. Korth.: private communication, 2005 . For our analysis we use magnetic field data from the Iridium system as well as data from the DMSP F13, F15 and Oersted satellites. Because the Iridium magnetic field data are bundled in the satellite engineering packet, the time sampling of data sent to the ground is limited by the rate at which the large volume of engineering data can be transmitted. In this configuration, the interval between telemetered magnetic field samples is around one sample every 200 s for each satellite. It is therefore desirable to supplement these data with higher time resolution magnetic field data obtained by other low Earth orbiting satellites. For the results presented in this paper, we have included the full vector magnetic perturbation data from the DMSP and Oersted satellites in the fitting process. Data from the DMSP and Oersted spacecraft were provided with 1 Hz sample rate. Since the Iridium data are sampled at a much slower rate, the DMSP and Oersted data must be weighted so that the Iridium data still contributes in the fitting process. The appropriate weighting factor was determined by examining the root mean square (RMS) of the differences between the observed Iridium, DMSP and Oersted data and the resultingφ· b reconstruction for each track as a function of weighting factor. This fit error is shown for the presented events in Figs. 1 and 2 for the 6 Iridium planes, 2 DMSP tracks and the single Oersted pass. For both events the error in the fit to the Iridium data increases as the weighting factor increases past unity. The weighting factor was chosen to be 0.5 as indicated by the vertical line in these figures.
Selection of events for comparison of SuperDARN with Iridium data is somewhat restricted. The Birkeland current configuration must remain relatively constant throughout the integration time required to collect sufficient Iridium data to attain the required latitudinal resolution. These b observations must be of sufficient magnitude to resolve a clear current structure for comparison with SuperDARN results. A constant Birkeland current configuration is typically chosen when (i) the solar wind and IMF conditions are stable (H. Korth: private communication, 2005) , (ii) the observed SuperDARN ionospheric plasma convection is stable, and (iii) the accumulated Iridium b observations are self consistent. SuperDARN must receive radar returns covering a large percentage of the probed area. For our analysis we also need DMSP and Oersted data to supplement the Iridium data, but as the coverage for these data is generally excellent, this is not a significant constraint on event selection. More than a dozen events were identified that satisfy these criteria between January 2001 and April 2003. Comparison of the div-E and satellite derived Birkeland currents was performed for all of these events with two representative cases being chosen for this paper. Fig. 3 . Analysis of the parameters showed a relatively constant southward IMF and the following mean characteristics: B x =3.6±0.6 nT, B y = −0.6±0.5 nT, B z = −9.1±0.4 nT, B t =9.7±0.3 nT, clock angle of 184±3 • , N p =5.5±0.4 cm −3 , v p =359±3 kms −1 and P dyn =1.2±0.1 nPa. Throughout the interval the SuperDARN convection maps showed a typical two cell convection pattern consistent with a southward IMF. These are conditions for a stable, global Birkeland current pattern over the event time frame.
The analysis results and comparisons are shown in Figs. 4 through Fig. 9 . Figure 4 shows the data included in the SCHA process. A cap size of θ c =50 • (colatitude) was used with k=15 and m=5 yielding a latitudinal resolution of 3.1°. The DMSP (blue) and Oersted (red) data are the full horizontal b vectors while the Iridium data (black) are the cross track component magnetic perturbations. Figure 5 shows the full vector reconstruction of b (black) using SCHA described in Sect. 3. Two vortices are visible, one centered on 70 • and 07:00 MLT which is associated with a downward current and the other at 66 • from 19:00 to 02:00 MLT associated with an upward current. The resultant Birkeland current pattern is shown in Fig. 6 . In the morning sector Region 1 (downward/blue) and Region 2 (upward/red) current systems with an up-down current boundary at 65 • and 08:00 MLT are clearly seen. In the pre-midnight region the R1/R2 up-down current boundary appears at 64°, 21:00 MLT.
Data from all SuperDARN radars operating in the Northern Hemisphere were used to determine the plasma convection according to the procedure described by Ruohoniemi and Baker (1998) . The electric field, E ⊥ , and the corresponding electric potential are shown in Fig. 7 for data averaged over 03:30-04:30 UT. Radar returns were mostly seen on the nightside for this case and, as with all SuperDARN observations, latitudinal coverage is restricted to regions poleward of 60 • .
We now compare J from satellite data (Fig. 6 ) and J ·E / P from the radar data (Fig. 8) . Although we expect the magnitudes of J and J ·E / P to be different, the spatial structure and location of up-down current boundaries in J ·E / P should resemble those of J in regions where conductance gradients are small. Figure 8 shows J ·E / P in the shaded colour format with the contours of J overlayed. Only the significant J features are used for comparison. These are the R1/R2 current system in the morning sector and the R1/R2 system in the pre-midnight region
In the morning sector, J ·E / P shows a Region 1 current (downward/blue) at 73 • and 06:00 MLT that extends poleward to 77 • at 08:00 MLT. No significant Region 2, J ·E / P current can be seen in the morning sector. Comparison with the overlayed J contours shows the peak in J ·E / P Region 1 current corresponds to the J Region 1 maximum 3 • equatorward at 70 • and 06:00 MLT. However, the J , Region 1 current extends towards noon and shifts equatorward while the J ·E / P , Region 1 extends towards noon and shifts poleward. The Region 2 current shown by the J contours is not reproduced in J ·E / P . In the afternoon sector J ·E / P shows a clear R1/R2 system with an up-down current boundary at 65 • and 18:00 MLT. However, with respect to J ·E / P , the J R1/R2 system is ∼4 • equatorward and shifted ∼3 h towards midnight. This results in the J Region 1 current being colocated with the J ·E / P Region 2 current such that they have opposite directions. In addition to these currents, J ·E / P seems to show a large R1/R2 type system between 12:00 and 15:00 MLT with an up-down boundary at 61 • . This feature is not seen in J .
The current density per unit Pedersen conductance, J ·E / P , is the div-E component of the Birkeland currents that are estimated from the SuperDARN electric field data, ignoring currents resulting from horizontal conductance gradients. We can compare J ·E / P (by Eq. 4) with a full current solution derived from the radar data by combining the SuperDARN electric field values with a conductance model. We shall identify the currents obtained from the SuperDARN electric fields that include the conductance gradient terms from the conductance model as J mod . Comparing both J ·E / P and J mod to J tests if the inclusion of an empirical conductance model can account for the gradient terms which are the suspected cause of the observed differences in the pre-midnight sector in Fig. 8 .
Combining the E ⊥ obtained from SuperDARN measurements with a tensor conductance according to Ohm's law for the Northern Hemisphere,
J mod is obtained using Eq. 1 for
The ionospheric conductance model of Hardy et al. (1987) is parameterised by K p while the model of Rasmussen et al. (1988) has a solar flux (F10.7) dependence. These two conductance models were combined using total = 2 PP + 2 EUV to create an estimate of the Hall and Pedersen conductance that includes particle precipitation ( PP ) and solar EUV ( EUV ) components. For the 1 November 2001 data, the conductance model was generated using K p =4.7 and F10.7=235.6 sfu.
Using the SuperDARN data and Eq .(16), values for J mod were calculated and are shown in Fig. 9 . In the morning sector J mod shows a Region 1 (downward/blue) current at 70 • and 06:00 MLT. The location of this peak is shifted equatorward with respect to J ·E / P and now matches the J Region 1 current. This indicates the model conductance has represented conductance gradients in this region.
In the afternoon sector J mod shows a R1/R2 system. With respect to J ·E / P , the J mod R1/R2 system has shifted approximately 1 h azimuthally towards midnight and poleward ∼2 • with the up-down boundary now located at 67 • . Here the inclusion of gradient terms from a model conductance has not improved the agreement with J . This result shows that model conductances together with SuperDARN convection maps, even in regions with radar returns, cannot reproduce the Birkeland currents derived from satellite magnetometer data. Hence, either the electric fields or the conductances are wrong, or most likely both. The R1/R2 type system seen between 12:00 and 15:00 MLT in J ·E / P is not a significant feature in J mod . Hence we find that differences in the currents exist, even on the dayside where conductance gradients are expected to be small. Radar data are confined to the nightside for this event. It may be that differences in dayside currents, seen for example between 60 • −70 • around 09:00 MLT, are due to the statistical values used to constrain the SuperDARN data fit. The next event explores this possibility. The second event illustrates results with extensive dayside SuperDARN coverage. The interval is 13:00-14:00 UT on 3 October, 2002. The interplanetary parameters were checked for variability using data from the ACE spacecraft as shown in Fig. 10 . The mean IMF parameters over 12:04-13:05 UT (56 min delay) were B x = −2.4±0.8 nT, B y =8.8±1.3 nT, B z = −6.9±1.2 nT, B t =11.5±0.3 nT, clock angle of 128±9 • , N p =7.7±1.6 cm −3 , v p =447±5 kms −1 and P dyn =2.6±0.5 nPa. Conductance gradients in the ionosphere are expected to be less pronounced on the dayside as the conductance is dominated by solar EUV. The electric field data are shown in Fig. 11 for 3 October 2002 averaged over 13:00-14:00 UT. Most of the radar data were obtained between 11:00 and 17:00 MLT with some values also occurring pre-dawn. The electric potential is obtained as part of the spherical harmonic fitting process with data from the statistical model used where there are no radar returns (Ruohoniemi and Baker, 1998) .
The magnetic field perturbations due to the Birkeland currents are shown in Fig. 12 . During the one hour of this event, data from DMSP F13, F15 and Oersted, were available. In this case the Oersted and F13 tracks are close to each other. Since the passes occurred approximately 25 min apart, checking the vectors for alignment gives an extra indication of the stability of the currents during the integration The Birkeland currents from the fitted satellite data are shown in Fig. 13 . In the morning sector the R1/R2 system is clearly defined with an up-down current boundary at 65 • and 07:00 MLT. The Region 1 current (downward/blue) extends azimuthally through to noon. In the afternoon sector the R1/R2 system has an up-down current boundary at 63 • and 17:00 MLT. The afternoon Region 1 current (upward/red) appears to extend through to 12:00 MLT. Inspection of the DMSP F15 particle energy spectra shows the spacecraft passed through the cusp at ∼71 • and 12:00 MLT. An additional up-down boundary is located at 63 • and 12:00 MLT.
These boundary locations may now be directly compared with those seen in J ·E / P . The div-E currents derived from SuperDARN data are shown Fig. 14. In the morning sector 
J
·E / P shows a Region 1 current (downward/blue) near 76 • and between 02:00 and 08:00 MLT that may correspond with the J Region 1 current near 70 • . No Region 2 current is seen in J ·E / P for the morning sector. Such a large difference appears to be due to the lack of SuperDARN observations here.
In the afternoon sector where SuperDARN observations are present, J ·E / P shows a R1/R2 system extending from 12:00 MLT through to 18:00 MLT. While this is consistent with J , the up-down current boundaries are 3 • further poleward at 12:00 MLT and 3 • further equatorward at 17:00 MLT than observed for J .
The model Birkeland current, J mod , calculated by combining SuperDARN data with a conductance model is shown in Fig. 15 . The morning sector shows no significant current systems. The afternoon sector shows a R1/R2 system similar to J . Relative to J ·E / P , the up-down current boundary at 17:00 MLT has been shifted poleward to be more consistent with J indicating the conductance model contains reasonable gradients in this region. The difference in the up-down current boundary location between J mod and J ·E / P at noon is small (∼1 • ). 
Discussion
The examples presented above show that disagreements in the location and direction of the Birkeland currents obtained from satellite magnetic field data and those obtained from radar data are not necessarily confined to either night or dayside regions. Both examples illustrate the finding that the satellite and radar derived currents disagree where there are no radar returns and the electric field calculation is constrained by the statistical model for convection. Where there is significant radar data coverage on the dayside, (e.g. 12:00-15:00 MLT in Fig. 14) , the approximation of J by J ·E appears reasonable. However, there are also discrepancies where radar returns do exist. A closer examination of which parameter, E ⊥ or ∇ , contributes most to the disagreement is possible through an analysis of DMSP particle data. Super-DARN derived electric fields can be directly compared with those calculated from in-situ plasma drift velocity data available from the DMSP drift meter instruments. Furthermore, the magnitude of the conductance gradients may be directly estimated from DMSP particle precipitation observations. The average electron energy, E 0 , and electron energy flux, I , were obtained from the SSJ/3 particle detectors onboard the DMSP satellites and the Hall and Pedersen conduc- tance along the satellite track was estimated according to the method described by (Hardy et al., 1987) . Combining these conductance estimates with E ⊥ vectors from the radar data at the DMSP track locations using Eq. (3), we obtained estimates of the Birkeland currents. Therefore, estimates of the Birkeland currents along the DMSP tracks may be obtained from (i) the radar electric field and DMSP particle data based conductance estimates, J SD:DMSP , (ii) those derived from Iridium, DMSP and Oersted magnetic field data, J , and (iii) the radar electric field and empirical model conductance estimates, J mod .
The conductances along the DMSP tracks ( DMSP ) were calculated using the particle precipitation (PP) contribution as (Hardy et al., 1987) and the EUV contribution from the model of Rasmussen et al. (1988) combined using the approximation presented in Sect. 4.1. The spatial information in conductance is limited to the along track direction with incomplete knowledge of the ∇ terms in Eq. (3). To best utilise the available data it was assumed that terms involving latitude) terms. The spatial resolution of the DMSP conductance data was reduced to SuperDARN and Iridium spatial scales by applying a low-pass filter with the cut-off spatial size set at 3 • in latitude. Figure 16 shows the various contributions to the conductance and current evaluated along the DMSP F13 track for the 1 November 2001 data (cf. Figs. 4-9) . The seven panels detail the various electrodynamic parameters and how they vary across the Birkeland current system. Panel 1 shows the Birkeland current derived from the three separate methods. These are (i) the combined Iridium, Oersted and DMSP magnetic field perturbation data as described in Sect. 3 (black; J ), (ii) combining the conductance data estimated from DMSP particle data with the SuperDARN derived E ⊥ (blue; J SD:DMSP ) and (iii) the divergence of the electric fields from radar measurements with the conductance model (green; J mod ). On the right hand side of panel 1 is the axis for J ·E / P (red), the divergence of the electric field estimated from the radar data.
Panel 2 in Fig. 16 shows the individual terms for the current as described by Eq. (3) and using the DMSP conductance data. These are the terms used to construct the blue curve in panel 1. Panel 3 shows a vector representation of E ⊥ as derived from both SuperDARN observations (black; E ⊥ ) and DMSP drift meter data (red; E The path of DMSP F13 in Fig. 16 is from 17:00 MLT to 07:30 MLT. At the start of the data segment, which is during the afternoon sector, there is very little conductance due to particle precipitation as shown by panels 6 and 7. The resultant conductance gradient terms, as shown in panel 2, are very small giving almost no Birkeland current. The estimates of J in panel 1 (black) show a small upward current at -23 • . The current calculated from P ∇·E ⊥ in panel 2 (black) is a poor estimate of the Birkeland currents. This may be expected in regions where SuperDARN returns are not available. Later on the dawn side, there are considerable conductance enhancements due to particle precipitation that correspond with the R1/R2 current system seen in J (Fig. 6 ). Panel 4 in Fig. 16 shows larger conductance gradients compared with the afternoon sector but a small SuperDARN electric field equatorward of 20°, resulting in negligible current terms in panel 2 and the small J SD:DMSP current (blue) in panel 1. The downward current observed by Iridium at 21 • is not duplicated by any of the other methods which indicates an incorrect E ⊥ where there are no radar data. Therefore, the statistical electric potential model used to constrain the radar data does not reproduce the appropriate Birkeland currents in the morning sector for this day. This point is further illustrated by the comparison of E ⊥ and E Figure 17 shows the associated conductance enhancements and gradient terms in panels 2 and 4. Consider the J SD:DMSP (blue) and J ·E / P (red) curves in the negative colatitude section of Fig. 17 , panel 1. This is a case where the conductance gradient terms are comparable or larger compared with the P ∇·E ⊥ estimate from the radar data. Conductance gradients are expected to be more pronounced on the nightside where solar EUV induced conductance does not occur. In panel 2, the conductance gradients derived from the DMSP particle data produce large grad-Sigma current terms and are effective in adjusting the radar estimate of the currents to be almost equal to J (black) in panel 1. The rather poor estimates of the current based on the conductance model (J mod ) are shown by the green curve in panel 1. In panel 1 near -27 • , J SD:DMSP (blue) is shifted poleward by ∼3 • compared with the satellite magnetic field based estimates of the current (J ; black). Furthermore, the large negative current here is not reproduced in J SD:DMSP . In this case the radar data do not extend far enough equatorward, missing electric field information in regions where the conductance gradients are substantial as seen in panel 4 of Data for the path of DMSP F13 for 3 October, 2002 is shown in Fig. 18 . The F13 track is dusk to dawn, on the dayside of the sunlit terminator, as shown in Fig. 13 . Conductance enhancements are observed in both the afternoon and morning sectors. The afternoon sector data (-ve colatitude) in panel 2 of Fig. 18 indicates the P ∇·E ⊥ term represents most of the Birkeland current poleward of 25 • while equatorward of this, coinciding with the Region 2 current, the term Fig. 19 . The satellite tracks from pre midnight through to pre-noon, passing close to 80 • latitude around 16:00 MLT. SuperDARN data were available for the afternoon segment, although near 16:00 MLT, F15 is tracking azimuthally, providing poor estimates of the latitudinal derivatives in conductance. Begining with the start of the track, on the nightside of the sunlit terminator (-ve colatitude), the DMSP derived conductance gradients and associated currents shown in panels 2 and 4 of Fig. 19 reflect the triple current system. In this case the grad-Sigma terms are the dominant contributions to J SD:DMSP and therefore show considerable deviation from the div-E component (red; panel 1). J SD:DMSP (panel 1; blue) shows Birkeland current estimates somewhat similar in shape and magnitude to that of J (black). However, differences in the latitudes where these currents are zero become larger at lower latitudes. This latitudinal offset is expected to be related to the lack of SuperDARN returns in this region. On the dayside portion of the F15 track, the conductance gradient terms are small (panel 2), as expected, and J SD:DMSP is also small. Considering the agreement between E ⊥ and E DMSP ⊥ shown in panel 3, it appears the smoothed nature of the SuperDARN fit is the cause of a small Region 2 current in J SD:DMSP . The model conductance based estimates, J mod (green) agree quite well, a fortuitous result considering the agreement between DMSP and model conductance is poor in all panels 6 and 7.
DMSP
Conclusions
The first comparison of div-E currents derived from Super-DARN observations with Birkeland currents from satellite data over the entire auroral oval and polar cap has been presented. The results show that the distribution of large-scale region 1 and 2 current systems can be represented in regions of extensive radar returns. However, agreement with satellite derived currents was obtained only for the event for sunlit ionosphere conditions, i.e., when the ionospheric conductance was dominated by solar EUV. In regions where the spatial coverage of SuperDARN returns is sparse or absent, the div-E current estimates do not agree with Birkeland currents from satellite data. The div-E approach also did not work for the nightside case in darkness even though radar returns spanned the region of interest. The results suggest that the model electric potential used to constrain the Super-DARN estimate of the ionospheric electric field does not adequately represent the electric field in regions without radar returns for these cases. Moreover, for the nightside case, the lack of agreement even including model conductances implies that either the conductances or the electric field estimates or both do not represent actual conditions associated with the observed Birkeland currents.
Under the conditions of radar coverage and small ionospheric conductance gradients (e.g., Fig. 19 ) the Super-DARN based div-E and satellite estimates show agreement in the locations of boundaries between upward and downward currents to within 3 • latitude. Details on scale size smaller than ∼3 • cannot be resolved with Iridium data.
In regions where the satellite data show conductance gradients, the grad-Sigma contribution to the total current may be considerably larger than the div-E component (e.g. Fig. 19, -ve colatitude) . Also, in regions where there are both conductance gradients and radar coverage, including the grad-Sigma terms based upon in-situ estimates of conductance can considerably improve the agreement with Birkeland currents obtained from satellite data (e.g., Fig. 17 ). The inclusion of an empirical conductance model to the radar data does not account for the currents produced by the grad-Sigma terms. Therefore, combining a conductance model, such as the one employed here, with the global SuperDARN derived electric field data does not necessarily improve the estimation of the Birkeland currents from the radar data. where µ = 1 − cos θ 2 .
